Introduction
As part of the Waste Isolation Pilot Plant (WIPP) continued geotechnical studies, Sandia National Laboratories (SNL) has been charged with the task of producing a detailed characterization of the geologic interval in the immediate vicinity of the WIPP facility. Preliminary work toward this end was begun in 1983 with the Site and Preliminary Design Validation (SPDV) report. The SPDV work includes a comprehensive mineralogical analysis of 43 rock samples taken at or near the facility horizon. These samples consisted primarily of grab samples taken from the excavation face as mining proceeded, and of selected samples from cores taken from some of the excavated rooms. These samples were processed for their mineralogical components by a method described in detail in the final SPDV report (Stein, 1983 ) and summarized elsewhere in this report. The end result was a compilation of data that quantitatively describe the non-NaC1 portion of the host halite in the general stratigraphic vicinity of the WIPP facility horizon.
An important conclusion from this set of data is that, up until the time of the SPDV report, visual estimates of the non-NaC1 components were incorrect by as much as an order of magnitude or more. The appearance of the Salado halite can be deceptive, especially when it contains small quantities of very fine-grained, disseminated polyhalite or clay minerals. In summary, from the SPDV work it was learned that WIPP halite contains an average maximum of 5 wt% non-NaC1 mineralogy, except in the cases of units such as anhydrites and clay seams.
This information was, in turn, used to revise some of the ongoing work directed toward predicting longterm creep behavior of the salt around the excavated cavity. However, one shortcoming of the SPDV work concerned the distribution of the sample locations of the analyzed material. It was felt that a more comprehensive body of data could be obtained by using samples from precisely known locations and could be collected on a more tightly spaced grid. Moreover, the plan for the sampling program that was ultimately adopted also provided for samples to be taken simultaneously for rock mechanics testing by W. Wawersik (SNL, Division 1542). Lastly, executing this program provided a set of reference samples for the purpose of making more quantitative visual comparisons of rock samples and a suite of archived core that will remain on file at the WIPP site for future reference.
Methods
The samples selected for this study were taken primarily from two cores, each -50 f t long and 4% in.
diameter, that were cut in Test Room 4 of the WIPP facility (see map, Figure 1 ). These cores were cut with a Longyear 38 drill rig, using no liquid lubricant. The cores used in this study are designated RM-1 and RM-3; these were cut vertically upward into the roof, and directly opposite were cut vertically downward, respectively. The lithologic logs for these cores are shown in Appendix A.
Samples were chosen from approximately every other foot along the length of the cores. Brief descriptions of the portions selected, along with sample numbers and footages, are listed in Appendix B. Samples were selected from each of the dominant lithologies observed in the core. These are: (1) "clean" halite, (2) polyhalitic halite, (3) argillaceous halite, (4) mixed argillaceous-polyhalitic halite, and (5) anhydrites and clay seams. These samples, each -6 in. long, were subsequently slabbed; one half was sent to Sandia for processing and analysis; the other remained in Carlsbad for the reference collection.
The technique used to process these samples has been described in detail (Stein, 1983) . To summarize briefly, the samples, weighing from -200 g to -1 kg, were crushed to pieces the size of 11 cm3. Weighed amounts of samples were then placed in large beakers of distilled water and stirred continuously until all salt was dissolved. The beakers were then decanted and the remaining residues were collected by filtration onto preweighed Whatman #3 filter papers, allowed to air-dry, and then weighed again. The dry weights of the water-insoluble residues are reported in Table 1 . Small fractions of these residues were reserved for x-ray diffraction analysis; results are shown in Table 2 . The remaining portions were further processed by boiling for 4 hr (or longer, as necessary) in 0.25-M EDTA solution. This technique, developed by Bodine and Fernalld (1973) , removes all divalent carbonates and sulfates from the water-insoluble residues. Following boiling, the samples were again collected onto sults are shown in Table 4 .
preweighed Whatman #3 filter papers, dried, and weighed again to obtain the EDTA-insoluble residue weights (shown as weight percents) in Table 3 . As before, where sample material was abundant enough, x-ray diffraction analyses were performed. These re- The components of the non-NaC1 mineral residues were identified by x-ray diffraction. All x-ray analyses for this study were run by using a Phillips diffractometer with Cu Ka radiation at an operating voltage of 40 keV and 25 mA. The x-ray diffraction results obtained are at best only semiquantitative. Because of time constraints on the analyst and because of the limited amount of available sample material, it was decided to forego any attempts at more quantitative x-ray diffraction analysis at this time. Where indicated in Table 2 , relative amounts of mineral species are reported on the bases of the analyst's inspection of the diffractograms and on his knowledge of the relative diffraction efficiencies of the different minerals present.
Some of the water-and EDTA-insoluble residue samples were observed to contain significant quantities of minute, well-developed, euhedral quartz crystals. A few of these crystals were hand-picked from selected water-insoluble residue samples by means of a binocular microscope and surgical tweezers. These crystals were then mounted on carbon bases and examined with a scanning electron microscope (SEM), as seen in Figure 2 (a-c). In addition to this quartz, very small (<<lo pm) euhedral crystals of magnesite and Mg-silicate phases were also observed with the SEM and identified as to elemental content by EDAX. The routine analytical procedure used in this study to determine weight percents of non-NaC1 minerals, as described above, has two limitations: (1) it is time-consuming and labor-intensive; (2) this process yields weight percents of non-NaC1 minerals as an average for a bulk sample; no information is obtained regarding the spatial distribution of these minerals within that sample. Therefore, two possible alternative techniques, gamma-beam densitometry and x-radiography, were selected on the basis of the following criteria:
Rapid data acquisition: relative to the conventional analytical method described above, which requires weeks or months to process up to several meters of core, gamma-beam densitometry and x-radiography can analyze the same amount of core in hours or minutes, respectively. Continuous data collection: the information output is obtained from a continuous scan of the core, yielding far more data than integrating bulk mineralogy over a 500-g sample, while simultaneously showing the desired spatial distribution of non-NaC1 components. Sample handling and preparation: whole core was used for x-radiography, and only surface milling in a lathe was required for the gamma beam densitometer. Because both of these techniques are nondestructive, the information thus obtained may then be supplemented by thin sections or other mineralogical analyses. A "trial" halite core (actually, a scrap core of unspecified location within the facility horizon) was selected on the basis of the apparent presence of large and variable amounts of clays and other mineral impurities as ascertained by visual inspection. This core was first subjected to scanning by a gamma-beam attenuation system accountable to Sandia's Department 1510. For further details of this procedure, see Reda and Hadley (1983) . This technique uses a C S '~~ source to produce a photon beam. The attenuation coefficient, p, of this beam through the core material is compared to the measured value for a reference sample of pure salt (praf). The results of the gamma-beam densitometer scan are shown in Figure 3(a) .
The same piece of core was also subjected to xradiography and the film then read by microdensitometry; results are shown in Figure 3(b) . A large fracture in the core, which showed up on the x-radiograph as a dark line, is offset from the position of the same fracture on the gamma-beam densitometer plot (Figures 3 (a) and 3(b)) as a result of the slight rotation of the core from its position in the x-radiographs.
Finally, the core was sliced into -1-in. pieces and dissolved in distilled water according to the routine procedure. The total dry weight percent of mineral residue is plotted in Figure 3 (b) and represents an average value over every 1-in. length of core.
Gamma-beam densitometry appears to be the least suitable of these techniques for detecting mineral impurities in halite core. No obvious correlation exists between the data in Figure 3 
Discussion
The primary purpose of this study was to examine closely the non-NaC1 constituents of halite in the lower Salado Formation as a means of characterizing the lithology of the WIPP host rock in terms of abundance, distribution, and identification of trace mineral components.
By way of addressing the first of these, the data presented in Tables 1 and 3 are consistent with similar analyses performed for the SPDV program. For the samples analyzed in the study reported here, weight percents of water-insoluble residues ranged from 0.05 to 87.08 wt%. For the EDTA-insoluble residues, weight percents ranged from 0.001 to 5.68 wt% of the total weights. The mean values for the water-and EDTA-insoluble residues are 5.56 wt % and 0.64 wt % , respectively. The occasional excursions from the average numbers were attributed to unusually clay-rich layers or seams and/or to distinct anhydrite units. Linear statistics for these data are found in Table 5 .
One of the most significant conclusions gained from the SPDV work is that the measurements of the non-NaCl mineralogy, as weight percents, are smaller by at least an order of magnitude than previous estimates made by visual observations. Many of the WIPP lithologic logs that predate the SPDV mineralogy study report the presence of polyhalite and clays in amounts ranging from 30 to 50 w t % or more. The SPDV results show that only a very small amount of non-NaC1 material can impart such color and opacity to the salt so as to create the visual impression of a much larger quantity. For this reason, it was decided to put portions of the samples used in this study together with the data from the water-and EDTAinsoluble residue analyses into a reference collection in order to better "calibrate" visual estimates and therefore enable visual core descriptions to be made more quantitatively.
It is much more difficult, however, to describe and quantify the distribution of non-NaC1 minerals dispersed in a halite core. For example, consider a halite sample weighing 500 g and containing 5% clay by weight. The analytical techniques used in this study (the results of which are shown in Tables 1 and 3) do not distinguish the distribution of this amount of clay in this particular sample interval. It could be present as fine particles evenly disseminated throughout the halite; it may occur as intergranular in-fillings or as large blebs; it may be present as a single discrete layer or seam in otherwise "clean" halite; or it may be some combination of all of these. While clay seams or layers are, for the most part, visually conspicuous enough to be noted as such in the lithologic logs, the distribution of trace minerals in most halitic core is obscure enough that an accurate characterization would best be obtained by detailed examination of many thin sections. This approach is out of the question, given the volume of core required for this study and time constraints on the analyst. An attempt was therefore made to develop a technique that would be both rapid and nondestructive, yielding an accurate determination of the distribution of trace minerals and at the same time preserving the core intact for future use. Variations in gamma-beam densitometry as a function of mineralogy are slight. Measurements of film density of the xradiographs appear to be significantly more sensitive and to parallel the results of the mineralogical determinations made by using the conventional technique described in this report.
As shown in Table 2 , the water-insoluble mineralogy of these samples consists of quartz, magnesite, anhydrite, gypsum, polyhalite, alkali feldspar, and clays. Because of the complexity of the analytical process required to distinguish clay mineral species (separation of the clay fraction, heat treatment, exposure to ethylene glycol, etc), we report here only the basal planar spacings observed in the diffractograms of these samples. Major peabs beloonging $0 clay migerals were observed at 14 A, 10 A, 9.3 A, and 7 A.
Detailed clay mineralogical analyses on these and other WIPP samples are in progress; results will be presented in a later report. The EDTA-insoluble mineralogy ( Table 4) consists entirely of quartz and clays except for a few samples showing traces of anhydrite, magnesite, and polyhalite, where EDTA digestion was obviously incomplete. Again, as described in the preceding paragraph, the clay minerals have not been identified as particular individual species, but only by the presence or absence of major peaks.
Most of the quartz (>go%, based on binocular microscope inspection of the samples in which it was found) appears to consist of well-developed, doubly terminated euhedral crystals. This morphology is highly suggestive of an authigenic origin. First observed in the SPDV samples, these quartz crystals appear to be associated exclusively with clay-bearing or "argillaceous" halite, as described in the lithologic logs. This association implies an origin of authigenic quartz through diagenetic alteration of the clay minerals; one possible mechanism is (from Siever, 1962):
The authigenic morphologies (Figures 2(a) -(c) ) together with the textural relationships as seen in thin section (Figure 2(d) ) also suggest that clay diagenesis and quartz precipitation preceded halite recrystallization. A simple mass balance calculation (Stein, 1984) clearly indicates that the volume of authigenic quartz present in these halite samples is, on the average, greater by almost two orders of magnitude than that which could have been produced by simple evaporation of seawater alone. Further studies of authigenic silicate formation and clay diagenesis are in progress. In addition to the quartz, other authigenic minerals may be present; authigenic feldspars and pyrite and possibly a zeolite have been identified by the author in thin-section, x-ray diffraction, and SEM work on some of the samples in this study. Because these results are preliminary, further details are not included here but will be reported on at a later date.
Figures 4 and 5 illustrate the relationship between weight percents of water-and EDTA-insoluble residues and lithology, as seen in the cores from which these samples were taken. No obvious correlation exists between the non-NaC1 mineralogy and distance from the repository in either the up or down direction. However, these figures indicate that samples from anhydrite-bearing units contain the largest amounts of insoluble residues. Perhaps not surprisingly, samples from the visually designated "clean" halites contain the least. Moreover, in Figures 4 and 5 , two lines are used for each sample interval to represent weight percents of water-and EDTA-insoluble residues. The larger the difference between these two lines in any one sample, the greater the relative abundance of the EDTA-soluble component (mainly the sulfate minerals polyhalite and anhydrite). This is clearly seen in samples such as FH-231, FH-236, and FH-240, taken from distinct anhydrite units in core RM-1 at depths of 7.1 to 7.3 ft, 14 to 14.45 ft, and 36.9 to 37.6 ft, respectively. Conversely, where the difference between each pair of lines is small (for example, , the amounts of water-and EDTA-insoluble residues are nearly equal and thus composed primarily of insoluble silicate residues (quartz and clays) as is typically seen in the zones of argillaceous halite.
It is beyond the scope of this report to discuss the effects of trace mineralogy in WIPP salt on material properties or on creep behavior in rock salt. It is intended that the data reported here will be used to further modify the structural computations as discussed in Krieg et a1 (1980) . This report is intended for use as a supplement to Krieg et a1 (1982) and Krieg (1984) , by providing a more complete reference stratigraphy that includes detailed analyses of the halite mineralogy. 
Conclusions
In summary, we report here the quantities, distribution, and mineralogical species of the non-NaC1 components of halite and anydrites in the immediate vicinity (e.g., within 100 vertical feet) of the WIPP facility horizon. These components, as determined by x-ray diffraction, consist of quartz, anhydrite, gypsum, magnesite, polyhalite, and clays, with traces of alkali feldspar and possible zeolites. The quartz is primarily authigenic and is probably derived from alteration of the clay minerals. Textural relations indicate that this alteration and precipitation of the authigentic quartz either preceded or perhaps occurred simultaneously with halite recrystallization.
The results of the analyses presented herein confirm previous conclusions regarding discrepancies between visual estimates of mineral impurities in WIPP core and accurate measurements, as obtained by the precedure defined during the SPDV investigation. It has been shown that visual estimates of trace minerals may be too high by as much as an order of magnitude. WIPP salt contains, on the average, t 5 wt% mineral impurities, except in areas of well-defined anhydrite or clay bands or layers. These impurities occur as either finely divided particles dispersed throughout the halite, as intergranular coatings, or as discrete blebs, lenses, laminae, or seams.
The analytical procedure used to produce the results reported here is time-consuming and provides no detailed information as to the distribution of nonNaCl minerals. Alternative methods of sample analysis are being investigated. It appears that x-radiography of halite core is rapid, nondestructive, and accurately reflects mineral impurities in the salt. More work is necessary before this technique can be considered a quantitative tool for this type of examination. However, the data obtained from the samples analyzed in this study will be used as points for calibration. 
Appendix

Lithologic Logs
Elev. above Ceiling (ft)
Halite: clear to medium reddishorange to light gray, coarsely crystalline, hard. Fine to medium crystalline at 6 to 7.05 ft. Trace
Anhydrite (anhydrite "b"): very light gray to medium gray, microcrystalline; hard. Some patches of halite within. Trace gray clay at 7.05 ft. Irregular upper surface at 7.2 ft. Halite: clear to medium reddishorange, medium to coarsely crystalline, hard. White anhydrite stringers and laminae found within core. Beginning at 12.3 f t trace gray clay ( t l 5 % ). Core medium grading to fine-medium crystalline toward anhydrite.
Anhydrite: very light gray to medium gray, microcrystalline, hard. Scattered halite. Trace gray clay a t 13.9 ft. Upper contact at 14.4 ft is irregular, tightly welded. Polyhalitic halite: clear to medium reddish-brown-orange, coarsely crystalline, moderately hard to hard. Contains blebs and patches of polyhalite (1 % to 5 % ) , locally >5%. 
3
Polyhalitic halite: clear to medium reddish-orange, coarsely crystalline hard. < 1 % polyhalite increasing to -3% to 4 % toward lower part of section. 
